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FAILURE MECHANISMS FOR
INTERNALLY PRESSURIZED THIN-WALL TUBES
AND THEIR RELATIONSHIP TO
FUEL-ELEMENT FAILURE CRITERIA

by

F. L. Yaggee and Che-Yu Li

ABSTRACT

Tube creep-to-rupture data for internally pressur-
ized thin-wall tubesare reviewed and analyzed. Two failure
mechanisms are apparent: (a)failure controlled by mechani-
cal instability (transgranular), and (b) failure controlled by
grain-boundary sliding (intergranular). The dependence of
the failure mode and the strain at failure of a fuel-element
cladding on stress, temperature, strain rate, and method of
loading (gas pressure versus fuel swelling) are discussed.
The experimental resultsare also presented with reference
to their applicability in the formulation of fuel-element fail-
iicelcriberia

I. INTRODUCTION

»

This report presents the experimental results of short-term tube-
burst and longer-term creep-to-failure tests of thin-wall austenitic stain-
less steel tubes. The effects of stress, temperature, and strain rate on the
strain at failure and the failure mode are considered. The implications of
these test results on the behavior of fuel-element cladding are discussed
as they relate to the development of fuel-element failure criteria.

Primary consideration is being given to austenitic stainless steel
as the fuel-element cladding in the development of the Liquid Metal Fast
Breeder Reactor (LMFBR). Loading mechanisms for the cladding in the
region of the fuel column can result from fuel swelling or fission-gas re-
lease, depending on the fuel-element design and operating conditions.

In the plenum volume of a fuel element located above the fuel, gas-
pressure loading will always be the controlling loading mechanism. In
addition to the complex loading system, the cladding is simultaneously ex-
posed to a hostile environment that includes radiation damage and the pos-
sibility of chemical attack by fission products and the liquid-sodium coolant.
The mechanical loading in consort with the reactor environment will have
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: - Prudent fuel-element design must nece.
e total reactor enviro
Reactor safety requlrements. ,
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the development of criteria for fuel-element failure.

An analysis of out-of-reactor tub

The service temperature of the fuel cladding in the LMFBR. is ex-
pected to be between 400 and 600°C (0.3Tmy to ST ) Th? plastllc d_e—
formation of many metallic systems has been studied exten51ve1y- “./1th1n
this temperature range, and the occurrence of grain-boundary sliding (GBS)
as a deformation mechanism is well documented.! Hart proposed a model
to account for the strain-rate dependence of the applied stress for poly-
crystalline metals,?> From this model, one would expect grain-matrix-
controlled deformation (GMD) at low temperatures and/or high strainrates.
Under these conditions, the strain-rate sensitivity (SRS) is low. [SRS is
defined as (3 In /3 In ¢)e.] At high temperatures and/or low strain rates,
within the region of interest in the present report, the contribution of GBS
will increase. An increase in deformation by GBS contributes to an in-
crease of the SRS of the material,>* and an increase in the SRS affects the
plastic instability exhibited by a polycrystalline metal.

Unstable plastic flow of metals under biaxial tension is a well-
recognized failure mode in thin-wall tubes. The traditional instability
criterion in uniaxial tension is based solely on the work-hardening con-
cept originally proposed by Consideré.® Lankford and Saibel® have extended
the work-hardening concept to thin-wall cylinders under biaxial load. How-
ever, Hart's* instability criterion is more generalized because it considers
work hardening and the SRS characteristics of a polycrystalline metal.
Hart's generalized criterion is particularly relevant to the behavior of fuel-
element cladding, because work hardening is absent during normal reactor
operating conditions where near steady-state creep prevails. This criterion
postulates that a polycrystalline metal will be plastically more stable during
creep in regions where the SRS is high. As stated, the contribution of GBS

becomes appreciable in the region of high SRS, making possible a change in
failure mode.

In creep experiments with high-purity aluminum and aluminum
alloys, Servi and Grant’ observed a consistent pattern in the transition of
the failure mode from transgranular to intergranular failure as the con-
tribution of GBS became significant. Their observations suggestanintimate

*T'm is the absolute melting temperature,



relation between the failure mode and the phenomena of GBS and plastic
instability. On a log-log plot of stress (o) versus strain rate (&), the ob-
served transition occurs at different values of strain rate as a function of
temperature and grain size. Hart® has proposed arguments that account
for the observations of Servi and Grant. He suggests that if grain bound-
aries are permitted to slide (after some finite strain), grain-boundary
cracking would be favored in the region of low ¢ and inhibited in the region
of high ¢ in the Servi and Grant experiments. Thus, in uniaxial tension
tests, GBS can be expected to affect the failure mode, the axial strain at
failure, and the reduction-in-area at failure. The application of this con-
cept to the behavior of internally pressurized thin-wall tubes can have
important implications in the analysis of fuel-element failures. Under
fission-gas loading, cladding failure may occur either by a pinhole perfora-
tion of the wall or by violent rupture, depending on the test conditions. One
purpose of the present report is to establish a relationship between GBS and
pinhole failures and between plastic instability and violent rupture of the
cladding under fission-gas loading conditions.

Burst, stress-to-rupture, and creep tests have been conducted on
thin-wall tubes under biaxial (gas pressure) loading conditions by several
investigators in cladding development programs for LMFBR.? (The data
of other investigators and a discussion of the results are presented in the
appendix.)

The present report extends Hart's* plastic instability criterion in
uniaxial tension to thin-wall tubes under biaxial load. Experimental results
obtained at ANL and by other investigators are presented and discussed in
terms of failure by both plastic instability and GBS. Finally, the applica-
tion of these results to the development of failure criteria for fuel-element
cladding are considered, and suggestions are made for further research in
the area of fuel-element failure mechanisms.

II. PLASTIC-INSTABILITY CRITERION FOR BIAXIAL LOADING

As mentioned, Hart's* plastic-instability criterion for uniaxial ten-
sion is derived in terms of the work-hardening capacity and the SRS of a
material, Both quantities are intrinsic material properties and will be
designated by Y and m, respectively. In accordance with Hart's approach,
the plastic deformation in uniaxial tension will be stable when

yotom o= I, (1)
InsHe. 1,
12
W o de¢



and

where o is the applied stress, ¢ is the true strain, and ¢ is the true strain

rate.

The following analysis for extending the plastic—insta.bility c'ritermn
for uniaxial tension, as given in Eq. 1, to internally pressur?zed, t'h?n-wall
tubes is not generalized. It applies in particular to plastic instability that
occurs as an ellipsoidal bulge for which the major axis is parallel to th.e
longitudinal tube axis and is large compared with the minor axis. The in-
stability criterion adopted for the pressurized tube is that used by Lankford
and Saibel,® 6P = 0, where P is the internal pressure. The plastic defor-

mation is stable when

or §1nr
22, 2
6r>0m‘61nr<0 (2}

where r is the tube radius, r is the time derivative of r, and the meaning
of & is similar to that used by Hart.* The justification of the criterion
given in Eq. 2 will depend on the future development of a more generalized
version for the plastic-instability criterion for internally pressurized thin-
wall tubes.

In accordance with Lankford and Saibel,6 we can write

orh
Rk sy (3)
where
oT = tangential stress,
and
h = wall thickness,
with
h = = =
hy exp(-e..-¢ ), (4)
and
r =1, exp(eT), (5)

In Egs. 4 and 5, hy and To are the initial values of h and r, respectively;
€T and €1, are the tangential and axial strains, respectively.



Following Lankford and Saibel, given cT/oL = @ > 0 (where o7, is

the axial stress) and the flow equations,®
hy 3a
PP < i
rOGT eXp( e T o 1) . (6)

A conditionfor plastic instability in the pressurized thin-walled tube is

which, when applied to Eq. 6, leads to

3

réch + T

opbér = 0. (7)

Assuming an isotropic material and following Hart's* approach, we may
write

6 = oyb6e + (5/)mse, (8)
where G, €, and ¢ are the effective stress, strain, and strain rate, respec-
tively, and ¥ and m are experimentally determined material parameters

obtained in simple tension.

For the case of biaxial loading,6 we have

g = opei(a), . (9a)

€ = eqo(a), (9b)
and

& = eqms(), (9¢)

where the ¢'s are functions of @. Combining Eqs. 7 and 9a-c, we obtain
) ;
SoT = oTYox(@)deT +';EméeT. (10)

The expression for ¢, is derived from the definition of € and the flow
equations,6

oa) = (etd|"

Using Eqs. 7 and 10 and recalling that

10!



Sr
ueT = —r-‘
and
§r T b&r
ST T

we may conclude

-3u
§Inr __Za/—l
§Inr - m

1z

+oy(@)y - m

(11)

Therefore, the deformation of an internally pressurized thin-wall tube is

stable when

3
@Z(Q)V-m~§_—l> (0} (12)

The criterion in Eq. 12 reduces to the result derived by Lankford and
Saibel® for a strain-hardening material that exhibits negligible strain-

rate dependence.

Following Hart,* the growth of inhomogeneities in a thin-wall tube

during creep deformation, where y = 0, is governed by
-3
ro\(2e-1m
fr = (—;-) - 8rg. (13)

Under gas-pressure loading conditions, @ = 2. It is evident from
Eq. 12 that a thin-wall tube under gas-pressure loading has a tendency to-
ward instability, and the growth of inhomogeneities (see Eq. 13) is enhanced
because of biaxial loading.

iII. SPECIMEN MATERIALS AND TEST PROCEDURE

The nominal dimensions of the tube specimens used in the present
creep experiments are 0.290-in. OD, 0.020-in. wall thickness, and 4-in.
length. The specimens were fabricated from AISI Types 304 and 304L
stainless steel tubing obtained from two vendors. The seamless Type 304
stainless steel tubing (HT 7105_9) had been used for the encapsulation of
experimental fuel alloys during in-reactor irradiation studies. The seam-
welded Type 304L stainless steel tubing (HT 840505) is similar to tubing



used for in-reactor creep experiments in EBR-IL.!° Both materials were
used in the solution-annealed condition (cold-worked tubing heated to 1950°F
for I/Z hr and water-quenched) and had an ASTM 7.6 matrix grain size.
The Type 304L stainless steel tubing had an ASTM 9 weld grain size.
Chemical analyses for the two materials are listed in Table I.

TABLE |. Compositions and Room-temperature Mechanical Properties of Thin-wall
Austenitic Stainless Steel Tubes Used in Biaxial Creep Experimentsd

Room-temperature Properties

Contents, %

Uniaxial Tensile Yield
Material (v Mn P S Si Ni Cr T Cu Mo Strength, ksi Strength, ksi  Elongation, %  Hardness, RB
Vendor's Analysis
L .. . .074 0. 81 36.5 58 60
Type 304 Stainless 030 137 001 0007 062 926 1829 002 0.0 02 s e
Steel® (annealed) Confirming Analysis--Commercial
030 130 0012 0013 061 816 1847 = = = - = = =
Vendor's Analysis
006 166 0029 0019 043 971 1851 = = = 9 38 61 2
. 62
Type 304 Stainless
Syl:IC (annealed) Interstitials, ppm
Confirming Analysis--Commercial 0 N H
0.061 = = = -~ 9.16 18.4 = = = 291 788 45

3All tubes 0.290-in. OD by 0.250-in. ID by 0.20-in. nominal wall thickness; completely inspected by ultrasonic and eddy-current techniques.
Dheat 840505; welded tube.
CHeat 71059; seamless tube.

All specimen tubing was nondestructively inspected by eddy-current
techniques and verified to be free of defects (e.g., scratches, laps, or
gouges) that penetrated >3% of the wall thickness. The selected tubing that
contained defects penetrating <3% of the wall thickness was considered to
be defect-free. Artificial defects that penetrated 5% of the wall thickness
were introduced into some specimens by electrical-discharge machining.
The standard defect size was 0.060 in. long Ry 0.005 in. wide by 0.00075 in.
deep. Artificial defects were located on either the outside or inside tube
surfaces at orientations parallel (B = 0°), inclined (B = 45°), or perpendicular
(B = 90°) to the tube axis. The purpose of the biaxial creep tests on de-
fected specimens was to determine the effect of defects on the failure mode
and failure strain. Most of the artificially defected specimens contained
one defect with various combinations of defect location and orientation.
Some specimens contained two defects with different combinations of loca-
tion and orientation. Only those defects oriented parallel to the tube axis
(B = 0°) will be discussed.

The specimen design and test apparatus and procedure are described
in Ref. 11. The value of op was calculated in accordance with standard
formulas.!? Posttest specimen examination included density measurements
and inspection of grain size and microstructure by light microscopy. The
fracture mode (intergranular versus transgranular) was determined by
using scanning electron microscopy (SEM). Density measurements were
made by the classical liquid-displacement method using trichloroethylene.
Specimen sections examined by light microscopy were vibratorily polished
and etched with 10% oxalic acid for microstructure detail and with 60%
nitric acid for grain-size measurements.

I35
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IV. EXPERIMENTAL RESULTS

Results for short-term burst and long-term creep and streis—to- "
rupture tests will be given for various conditions of temperature, s I.'ess, :
ill be presented to show the relatlon.s}.np
between failure mode and the failure mechanism. In this and the remal'n1ng
sections the following representations will be used.for the saks of F)revﬂ:y:l
applied tangential stress (op); Von Mises or effective s.tress (c).; d1an'r1etr.a
strain (e), which is measured as AD/DO; diametral strain x:ate (e), .whlch is
measured as (d/dt)(AD/D,); minimum or steady-state strain rate (ém)s and

resultant strain rates. Evidence w

fracture strain (eg).

The two failure modes most commonly observed in biaxial creep
and stress-to-rupture tests are the violent rupture (R) and the pinhole leak
or fissure (F) that perforate the tube wall. In each case, Eq is taken as the

value of e at the point of failure if failure occurred within a few minutes

after the last diameter measurement. It may also be taken as the value of

e obtained from a duplicate, unfailed specimen that was tested simultane-
ously with the failed specimen and found to exhibit a similar strain profile.!!
The time to failure is taken as the total test time to the point of loss in
specimen pressure. Pinhole failures are detected primarily by a gradual
and unrecoverable decrease of the vacuum level in the furnace, even though
the specimen pressure may be unaffected. Most pinhole leaks detected at
elevated temperature are not easily located at room temperature even at

a 200X magnification. Violent rupture failures are easily detected by a
gross and sudden loss in specimen pressure.

Biaxial creep data at 550-700°C for Types 304 and 304L stainless
steel are presented in Fig. 1 in the form of a log-log plot of & versus .
The stress and temperature dependence and the magnitude of e are

s
b T T T T R T T

304SST (ANNEALED)
ASTM G.S. e.7
(REF. ANL DATA)

R >m
(>6.5) «»gax (<04) R R(>17)
ek e w e
T ——— R(>12)
10" F(3.3) R0y |

Fig. 1
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5
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POINTS NOT DESIGNATED R OR F REPRE!
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107 7 10°% ! i 5
10 10 102 0! 10° 0
MINIMUM DIAME TRAL STRAIN RATE, hr-!



consistent with the results of other investigators.”'”’ (

are given in the appendix.) Figure !l shows the failure mode (F or R) and
es for each data point. The ef values in percentages are given in parenthe-
ses. When two values of ef are given, they represent the range of values
obtained from multiple specimens.

The density change for tube specimens tested at two values of ép,
is presented in Fig. 2 in a log-log plot as the fractional density decrease
(—Ap/po) versus the testing time. The value of e, in percent, for each data
point is given in parentheses. Figures 3 and 4 are photomicrographs of
transverse cross sections of tube specimens that indicate the size, loca-
tion, and distribution of cavities for tests conducted at low and high values
of ém. These same specimens were used to obtain the density data pre-
sented in Fig. 2. Figure 5 shows fractographs obtained by SEM from the
fractured surfaces of two specimens from the same test series.

I T
ASTM G.S. 6.7
(g2~ (%) DIAMETRAL STRAIN ]
P=7.9004 g/cc
Fig. 2
6m ™14 x 10-2hr~
= EmrlAX 0T : Density Change as a Function of Time
§: |0'3L for Annealed Type 304L (welded) Stain-
< T less Steel Tubes Tested at 650°C at
,/A/~l.e High and Low Strain Rates. Neg. No.
/ MSD-54385.
TESTED IN VACUUM AT 650°C
104 ' |
| 10 100 1000
TIME, hr

Figure 6 shows the macroscopic appearance of typical tube failures
obtained at high and low é,,,. The failure areas of the specimens in Fig. 6
are shown at greater magnification in Fig. 7. Strain profiles that corre-
spond to these three specimens (see Fig. 8) indicate the extent of plastic
instability that occurs at the failure site. Itis clear from Fig. 8 that the
development of plastic instability is influenced by a high strain rate.

Artificially introduced defects will affect the development of plastic
instability in thin-wall tubes. The three specimens shown in Fig. 9 had
one or more artificial defects, of the size previously mentioned, with a
B = 0° orientation. These defects were located on the outside surface of
one specimen (Fig. 9a), on the inside surface of the second (Fig. 9b), and
on both surfaces of the third (Fig. 9c). At 650°C and at high strain rates
(ém >1 x 107* hr!), the test results show the following: (a) Failure

Results of Roweetal.

15
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Fig. 3. Transverse Section of Failed Type 304L (welded) Stainless Steel Tube Tested at
650°C and Low Strain Rate (&, ~ 4.2 x 10~4 hr™1). (a) Pinhole failure at base
metal-weld interface, Mag. 200X. Neg. No. MSD-52557. (b) Base metal 180°
from point of pinhole failure. Mag. 200X. Neg. No. MSD-52453. Note grain-
boundary voids, equiaxed grains, and evidence of grain-boundary sliding.
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(b)

04L (welded) Stainless Steel Tube Tested

Fig. 4. Transverse Section of Failed Type 3

1.4 x 1072 hr_l). (a)Ruptured edge (mag-

and High Strain Rate (&

(&
nified in Fig. 7a).

at 650

(b) Weld-base metal

area 90° from ruptured edge. Mag. 200X. Neg. No. MSD-54333. Note elon-

200X. Neg. No. MSD-54331.
yated grains, voids that extend into the grain matrix, and no evidence of grain-
g g 8 g

Mag.

boundary sliding.



500X (b) 1000X

Fig. 5. SEM Fractographs of Rupture and Pinhole Failures in
Type 304L (welded) Stainless Steel Tubes Tested at
650°C at High and Low Strain Rates. (a) Ruptured
edge shown in Fig. 4a. (b) Pinhole failure shown in
Fig. 3a. Note transgranular and intergranular nature
of rupture and pinhole failures that occur at high and
low strain rates, respectively. Neg. No. MSD-571617.
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Fig. 6. Profiles of Rupture, Pinhole, and Fissure Failures in Annealed Types 304 (seamless) and 304L (welded)
Stainless Steel Tubes Tested at 650°C at High and Low Strain Rates. (a) Rupture failure shown in
Figs. 4a and 5a. Mag. ~1X. Neg. No. MSD-53334. (b) Pinhole failure shown in Figs. 3a and 5b.
Mag. ~1X. Neg. No. MSD-52397. (c) Fissure failure in Type 304 stainless steel tested at low strain
rate (ém ~ 7.5 x 105 hr1). Mag.~12X. Neg. No. MSD-43975. Note high local strain in rupture

failure.
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Fig. 7

Magnified Appearance of Rupture-, Pinhole-, and Fissure-
failure Profiles Shown in Fig. 6. (a) Mag. ~Z;:X. Neg.
No. MSD-52978. (b) Mag. ~8%X. Neg. No. MSD-52398.
(c) Mag. ~9X. Neg. No. MSD-439717.
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Fig. 8. Strain-profile Curves for Rupture, Pinhole,
and Fissure Failures Shown in Fig. 6. Neg.
No. MSD-543175.
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ig. 9. Effect of Artificially Introduced Defects on Failure Site and Failure Strain of Annealed Type 304 (seamless) Stainless Steel Tubes Tested at 650°C at High
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occurred at the defect site, (b) ef was in all cases much smaller than that
for similar tubes free of artificial defects, (c) location and orientation of
the defect will affect ef, and (d) the specimen in Fig. 9b might have failed
by pinhole leak if the specimen were defect-free because of the lower strain
rate. At low strain rates (&, << 10 * hr!), the artificial defect used in
these tests has no effect on ef nor on the location of the failure. These re-
sults are consistent with those in Refs. 15 and 16.

Incipient, intergranular cracks oriented parallel to the specimen
axis (B = 0°) were observed on the inside surface of specimens after finite
values of e were achieved. These cracks are evident in the transverse
cross section shown in Fig. 10. Their depth increases with local strain,

as shown quantitatively in Fig. 11.

V. DISCUSSION

The purpose of this section is to identify the failure mechanisms
for austenitic stainless steel thin-wall tubing under various stress and
temperature conditions. Following the concepts proposed by Hart,?™%8 it
will be demonstrated that tube-specimen failures by pinhole leak are con-
trolled by GBS, and failures by violent rupture are controlled by mechanical
instability. It will also be emphasized that the magnitude of ef is a conse-
quence of the controlling failure mechanism,

At elevated temperatures and high strain rates plastic deformation
of polycrystalline metals will be controlled by GMD.® Under these condi-
tions, the contribution of GBS to the total defqrmation is insignificant.
However, the contribution by GBS can increase to a significant level at
higher strain rates if the test temperature is increased. The same effect
may be achieved at constant temperature if the strain rate is decreased.
Therefore, at a given temperature, an increase in GBS is associated with
a decrease in strain rate and will contribute to an increase in the slope of
the curve of log G versus log é,,. The biaxial creep data in Fig. 1 show a
change in slope as a function of é,,. This observation is supported by the
biaxial stress-to-rupture data of Lovell and Barker,? as presented inFig.12
(see also Figs. 16-21 in appendix).

Under nearly steady-state creep conditions, material work hardening
is negligible. The mechanical stability of the specimen is then governed by
the SRS. In Sec. II, it was shown that the mechanical stability of the speci-
men increases as the SRS increases. Inasmuch as the SRS is lower in the
region of low temperature a.nd/or high strain rate, the failure mechanism
should be governed primarily by plastic instability. The failure mode to
be expected is the violent rupture by transgranular fracture, and the micro-
structure should show elongated grains in the vicinity of the fracture. Con-
versely, as the temperature increases and/or the strain rate decreases, the



(a) (b)

Fig. 10. Longitudinally Oriented Intergranular Cracks That Occur on Inside Surface of Annealed Type 304L (welded) Stainless
Steel Tubes Tested at 650°C at High and Low Strain Rates. (a) Rupture failure at ém ~1.4x 1072 prl, Mag. ~9X.
Neg. No. MSD-54319. (b) Pinhole failure at ép, = 4.2 x 10~ hr~1, Mag. ~9X. Neg. No. MSD-54311.
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both by the present data in Fig. 1 and by the work of Lovell an ,

(Also, see data from Refs. 36-40 in the appendix.) Based on the experi-

mental results, the following statements can be made concerning failures

in pressurized thin-wall tubes:

1 Failure by pinhole leak is favored at high temperature and/or

low strain rates.

2. Failure by violent rupture is favored at lower temperature
and/or high strain rates.

3. Transition in the failure mode from the intergranular pinhole
leak to the transgranular violent rupture will shift to higher
strain rates with increasing temperature.

4. TFailure strain decreases as the temperature increases or the
strain rate decreases, because of the increase in GBS.

5. Time to failure will be determined as usual by the strain rate
and the failure strain.

The experimental results in Figs. 2-5 substantiate the presence of
GBS during plastic deformation. Figure 2 shows that the decrease in den-
sity (-Ap/po) of the austenitic stainless steel due to cavity formation has a
linear time dependence at e, = 4.2 x 107* hr™!, after an appreciable amount
of accumulated strain. The trend of these data suggests that in the earlier
stages of plastic deformation the density decrease exhibits a nonlinear time
dependence and that a high initial rate of cavity formation prevails. This
behavior is consistent with the observations of Gittins!? for polycrystalline
copper creep tested at 400°C. In the region of linear density change, Gittins
concluded that the observed density decrease corresponds to cavity growth
by vacancy diffusion. Grain-boundary sliding is important to the nucleation
of cavities during the initial stages of plastic deformation. The cavities are
not nucleated spontaneously, but rather as a function of time over a finite
range of initial plastic deformation. In Fig. 2, the curve for é,, = 1.4 x
1072 hr™! shows a density change with a higher power dependence on time,
which suggests the existence of more than one mechanism for cavity for-
mation. The possibility of an additional mechanism for cavity formation
at the higher strain rate is supported by the transverse sections of the den-
sity specimens shown in Figs. 3 and 4. Figure 3 is a section at the pinhole
failure that developed at the lower value of e, (m4.2 x 10°* hr™!). It shows
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a predominance of grain-boundary cavities, grains that are nearly equiaxed,
and evidence of GBS.!®!? Figure 4 is a section at the site of the violent rup-
ture that occurred at the higher ey, (~1.4 x 1072 hr!). It shows grain-
boundary cavities that extend into the grain matrix and elongated grains.
Scanning-electron micrographs of the fractured surfaces of the pinhole

leak and the violent rupture failures presented in Figs. 3 and 4 are shown
in Figs. 5a and b, respectively. The micrograph in Fig. 5a is typical of
transgranular fracture that occurs at high strain rates. In contrast, the
grain facets shown in Fig. 5b are associated with intergranular fracture

at low strain rates. The evidence in Figs. 3-5 supports the conclusions
presented in the preceding paragraph that GBS becomes important at lower
strain rates.

Typical specimen profiles for failures by violent rupture, pinhole
leak, and fissure that occur in internally pressurized thin-wall tubes are
shown in Figs. 6a, b, and c, respectively. A magnified view of each fail-
ure mode is shown in Figs. 7a, b, and c. Strain-profile measurements
have been made at several time intervals for the specimens shown in
Figs. 6 and 7. The strain-profile curves are given in Fig. 8 and illustrate
the progressive development of mechanical instability. It is evident from
Fig. 8 that the localized plastic strain is much lower for the pinhole and
fissure failures than for violent rupture. The amount of localized plastic
strain increases with the strain rate and with changes in failure mode.
This behavior is consistent with the concept discussed earlier that the SRS
is low in the region of high strain rates, which results in an enhancement
of plastic instability. But this does not mean that the tube specimens are
completely stable at the lower strain rates where the SRS is higher. Rather,
the intergranular pinhole failures are usually observed at sufficiently low
total deformations; therefore, plastic instability has not yet developed, or
is in the early stages of development but has not progressed appreciably.

The observed effect of an artificially introduced defect supports
the conclusion of plastic-instability enhancement at higher strain rates. If
the sole consequence of an artificial defect is stress concentration at the
defect site, one would expect enhanced crack (defect) propagation at both
high and low strain rates. This is not observed experimentally. The ex-
perimental results show that the artificial defect exerts an effect only at
higher strain rates. This is directly related to the concept of mechanical
instability, as proposed by Hart.? The pressurized specimen is less stable
at the higher strain rates, and the degree of instability may be inferred by
the relative rate of local deformation as compared with the average defor-
mation. The introduction of a local defect with orientation B = 0° enhances
the rate of local deformation at the defect site without affecting the average
deformation rate for the remainder of the specimen. Failure then occurs
at a low value of average strain. At lower strain rates, the specimen is
inherently more stable, and GBS will be the controlling failure mechanism.
In the region of lower strain rate, the failure strain will decrease, and
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plastic instability will not develop, or it is .1n the ea.rxy stagszrosf d;\;lir:_
ment with no perceptible progress before plnhrile failure 01 V.able i
fore, the artificial defects described earlier will have no obser y o Y
In the interriod: ate-gtrain-rate range. (Fig. 8b); failureican ocCIEyEn

hole leak with accompanying local strain at a spef:imeg locatl_orsofx"ee" otf 5
mechanical defects. However, if a defect with orlentangn B = 1s.?n r
duced, the enhancement of mechanical instability may change ?:he falll..llre
mode from pinhole leak to violent rupture (F%g. 9b). :The s?traln-;;;o?(;MD
curve shown in Fig. 8b for intermediate strain rates is evidence tha

and GBS are omnipresent and competing failure mechanisms.

Experimental results also show that the location (bore vers.us sur-
face) and orientation (0° S B < 90°) of a defect can affect both the fza.o1lure
site and ef at high strain rates. An analysis by Yagg'ee and Wang s.hows
that, for a given internal pressure, the stress intensity at a defect site
will decrease as the defect location changes from the bore to the surface
and its orientation changes from B = 0°to B = 90°. This orientation de- P
pendence is consistent with the experimental observations of Lauritzen etal.
The specimen shown in Fig. 9c had two identical artificial defects with
orientations of B = 0°. One defect was located on the surface 1.75 in. from
a reference mark; the other was located on the bore 2.75 in. from the same
reference mark. It is obvious that the specimen failed at the bore-defect
site. The specimens in Figs. 9a and b each had a single artificial defect
oriented at B = 0° located on the surface and bore, respectively. All speci-
mens in Fig. 9 failed at the defect site, which supports the contention that
defects enhance mechanical instability at higher strain rates.

Figure 10 shows the presence of incipient cracks on the inner sur-
face of tubes creep-tested at 650°C under biaxial load and high and low
strain rates. The depth and distribution of these cracks are shown in Fig.11
as a function of local diametral strain and position away from the failure
site for a specimen that failed by pinhole leak at an intermediate strain
rate. The existence of these incipient cracks and their failure to propagate
is a qualitative measure of the relative mechanical stability of the speci-
men at intermediate strain rates.

It is worth noting that violent rupture may follow a pinhole failure
if sufficient gas pressure is maintained to sustain a relatively high strain
rate. This was observed in the present work, On several, although infre-
quent, occasions during tests at intermediate strain rates (é,, ® 10 *hr™)
in the temperature range of 550-650°C,?? the pinhole leak wa;nﬁrst detected
by a one- to two-decade decrease in furnace vacuum with no change in
specimen pressure. Within minutes this was followed by a sudden and
gross loss in specimen pressure, Wh._ich is the typical symptom of a speci-
ment rupture. In each case, this phenomenon occured in specimens that

exhipited signs of increased local deformation similar to that shown in the
strain-profile curve in Fig. 8hs
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The discussion so far has not involved a detailed concern for the
effects of such metallurgical variables as second-phase particles, grain
size, radiation damage, and cold work. From the mechanical-stability
point of view, these variables can alter the SRS and the work-hardening
behavior of a material and thereby influence its plastic instability. Some
of these variables may enhance crack nucleation and propagation and there-
fore alter the creep-to-rupture property of the material.® Grain-boundary
behavior will also depend on these variables. For example, second-phase
particles in the grain boundary may decrease the GBS rate and result in a
beneficial effect at low strain rates. However, at high strain rates these
same particles may serve as sites for crack nucleation and cause em-
brittlement. The matrix and grain-boundary mechanisms involved in most
of these cases are not completely understood. However, the data from the
present work, as well as that reported in the literature, indicate that the
magnitude of these effects can be significant. The effect of grain size on
the failure mode and failure strain is illustrated in Figs. 13 and 14. These
figures show the failure profile and the strain-profile curve fora V-20 wt % Ti
alloy specimen tested at 650°C and a strain rate of 1.3 x 1072 hr™! for the
smaller-grain-size specimen and 2.1 x 10”* hr~! for the larger-grain-size
specimen.?® The larger-grain-size specimen failed by pinhole leak at low
total strain (ef ~ 3%) without exhibiting any plastic instability. The strain

(b)

Fig. 13. Profiles of Rupture and Pinhole Failures in V-20 wt % Ti Alloy Tubes Tested at 650°C at
High and Low Strain Rates.35 (a) Transgranular plastic-instability failure at ém ~ 1.3 x
10-8 hr™L, Failure strain >10%. ASTM grain size 7. Mag. ~1{X. Neg.No.MSD-45647.
(b) Intergranular failure due to grain—boundarY sliding at &y ~ 2.1 x 1074 hrl, Failure

strain ~3.2%. ASTM grain size <1. Mag. ~15X. Neg. No. MSD-45645.
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Neg. No. MSD-54374. by a decrea.s? 1r.1 e Because. co.ld
work and radiation damage will in-
duce severe microstructural changes in the material (including enhance-
ment of precipitation and segregation), the embrittlement responsible for
the lower ef values probably involves complicated processes.

The following section discusses the application of these deforma-
tion mechanisms and failure modes and the effect of metallurgical variables
with regard to the formulation of failure criteria for fuel-element cladding.

VI. FAILURE CRITERIA

Failure criteria are needed for both the design of a reactor fuel
element and the safe operation of the reactor. The criteria should embody
considerations of failure mode and failure conditions so that the conse-
quences of fuel-element failure can be evaluated from the standpoint of

reactor safety. Special attention must be given to abnormal operating
conditions.?

londs This section considers cladding failure due to fuel and fission-gas
oading. However, no attempt is made to discuss either the thermal-

hydraulic limitations of the fuel element or the conditions that lead to
local cladding melting.
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Existing fuel-element failure criteria are generally based on arbi-
trary limits placed on cladding strain, strain ratios (uniform versus total
strain), and fraction of remaining usable element life.26 The experimental
results presented earlier indicate that these quantities, which are the basis
for existing failure criteria, are affected in various ways by service con-
ditions (temperature, stress, strain rate, and environment) and material
parameters (‘\{, m, grain size, composition, and microstructure). The ex-
perimental results presented earlier also illustrate an orderly transition
in the failure mode as the test conditions and material parameters are
altered. In this section it will be shown how these experimental results
can be related to failure criteria, and comments will be made on the effects
of radiation damage, sodium environment, and fission-product attack.

Cladding loading by fission-gas pressure is considered first. In
the absence of a reactor environment, cladding failure by pinhole leak
should be favored at high temperatures and low fission-gas pressures.
Under abnormal conditions that lead to high fission-gas pressures, the fail-
ure mode is expected to be violent rupture. The transition between these
two failure modes will occur at higher strain rates as the cladding tem-
perature increases. As always, the cladding lifetime is a consequence of
both the strain rate and the strain at failure. Detailed fuel-element fail-
ure criteria should account for these possibilities.

The embrittlement due to radiation damage is well documented in
the literature based on postirradiation tensile and stress-to-rupture test
results obtained under uniaxial and biaxial stress conditions. The radia-
tion damage of interest to LMFBR in the intermediate temperature range
(400-600°C) is associated with the swelling phenomenon. Voids and in-
terstitial loops are the main feature of the irradiation-induced microstruc-
ture. Embrittlement due to helium bubble formation, which willbe discussed
later, will occur in a higher temperature range.

The data in Fig. 12 indicate that the embrittlement due to void and
loop formation lowers the strain at failure in regions where pinhole as well
as rupture failures predominate. Figure 12 also shows that the transition
in the failure mode from pinhole to rupture shifts to lower strain rates when
compared with similar data for unirradiated, annealed specimens. From
the point of view of mechanical stability, additional considerations must be
taken into account in the application of postirradiation test data. The ex-
istence of irradiation-enhanced creep will increase the SRS?” and improve
plastic stability. Therefore, the failure mode observed in postirradiation
tests in the temperature region where irradiation-enhanced creep predomi-
nates may not be applicable to in-reactor conditions. Irradiation-enhanced
creep could improve the compatibility between matrix deformation and
grain-boundary deformation and result in a larger strain at failure than is
found in postirradiation tests. This possibility has not been established



32

; i irradiation-
experimentally to date. In the region of higher strain ra;els‘;;irartion L
enhanced creep will no longer be important,.and the plos llrment s
data may be applied directly to the formulation of fuel-ele

criteria.

; . f
The effect of fission-product attack on the cladding is a matter o
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The following discussion will only concern the consequences of the chemi

cal attack on the mechanical behavior

of the cladding. It is probable that

the attacked zone will lose its load-carrying capacity, thus decreasing the

load-carrying capacity of the cladding
of the chemical attack on mechanical i

in that region. Therefore, the effect
nstability may be analogous to that

of artificial defects of different geometries. Inasmuch as the present work

demonstrated that artificial defects ex

ert an effect on cladding behavior

only in the higher-strain-rate region, where irradiation-enhanced creep

is less important, it might be possible

to perform laboratory tests that

simulate fission-product attack by selecting artificial defects of suitable
sizes and geometries. Examples of this test approach are shown in Fig. 15.
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Fig. 15. Mechanical Simulation of Grain-boundary
Penetration in Thin-wall Tubes by Fission-
product Attack. Neg. No, MSD-543176,

A short scratch may be used to
simulate mechanically a single penes
trated grain boundary; an ellipsoidal
defect may be used to simulate local
grain-boundary penetration over sev-
eral grains; and an overall reduction
in wall thickness may be used to
simulate uniform grain-boundary
penetration or bulk attack over a
significant portion of the specimen
length. In the lower-strain-rate
region, pinhole failure predominates,
and the resultant failure strain is
low. The effect of limited fission-
product attack would then be ex-
pected to be less important,

Helium-bubble embrittle-
ment?®29 and the exchange of non-
metallic elements (such as carbon
el and the sodium coolant®® are the

Helium-bubble formation in the

cladding becomes important in the upper portion of the fuel element, where

the temperature is higher.
in this region.

Decarburization of the cladding is also favored
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alone will alter the microstructure of austenitic stainless steels.*? The
present work has shown that the failure mode and the strain at failure that
result from grain-boundary mechanisms and mechanical instability are
unique to the thin-wall tube configuration under internal gas-pressure
loading. It is therefore important that data on the failure mode and strain
at failure be obtained from biaxial creep-to-rupture tests on pressurized
thin-wall tubes that will be relevant to the formulation of fuel-element fail-
ure criteria. Although uniaxial tension tests are easier to perform, at
present no way is known to predict the creep and failure behavior of pres-
surized thin-wall tubes from uniaxial data with sufficient confidence.

Fuel-element designs exist for which the cladding deformation
occurs as the result of fuel swelling under normal reactor operating con-
ditions and some transient conditions. At high strain rates, where me-
chanical instability is the controlling failure mechanism, cladding loading
by fuel displacement due to swelling will provide sufficient constraint to
suppress or delay mechanical instability. Under such conditions, it is pos-
sible to realize higher failure strains than can be obtained in uniaxial ten-
sion or in biaxial tube creep-to-rupture tests under gas-pressure loading.
This possibility is supported by certain observations on postirradiation
tensile test results of irradiated material®® and by the results of mandrel-
loaded creep-to-rupture tests® on unirradiated tube specimens. In post-
irradiation tensile tests, local ductility has been observed in the form of
high reduction-in-area values for an irradiated material that usually ex-
hibits a low failure strain due to mechanical instability. The mandrel-
loaded tests showed higher strain failure values than those normally
obtained from similar tests using internal gas-pressure loading. It may
be concluded that an adequate failure strain will be obtained at high strain
rates when the cladding is loaded by fuel swelling.

A possible exception to this point of view may occur in case of a
cracked fuel. This condition may cause high local stress and strain con-
centrations in the cladding. Some tests that use mechanical simulation
of cladding loading by fuel swelling, as well as tests that produce local
stress and strain concentrations, should be included in the postirradiation
test program. The present work shows that at higher temperatures and/
or lower strain rates, grain-boundary sliding will be the controlling fail-
ure mechanism in the case of internal gas-pressure loading, where
mechanical instability is not of concern. This failure mechanism should
be operative in the same temperature and strain-rate region, where the
cladding is loaded by fuel swelling, provided consideration is given to the
effect of local strain concentrations that arise from the possibility of
cracked fuel.

Under internal gas-pressure loading, cladding deformation ceases,
and failure occurs when the cladding wall is perforated by a pinhole leak,
if the internal pressure is exhausted at a sufficient rate. In contrast,
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cladding deformation can continue after failure by pinhole le.ak whenkthe i
cladding is loaded by fuel swelling, which leads to progre_ssw‘e crack growth.
In the latter instance, a complicated sodium-fuel intera.xct1c?n could occur,
and its consequences on crack propagation in the c{addlng is L?.nknown a.t1
present. Because this phenomenon is associated with the stJect afituels
element life after cladding failure, it will not be discussed in the present

report.

In summary, the present data and the accompanying discussions
show the dependence of the failure mode and strain at failure of fuel-
element cladding on stress, temperature, strain rate, and method of 1c.)ad-
ing (internal gas pressure versus fuel swelling). Fuel-element modeling
studies, as, for example, the LIFE Code,?’ can be used to predict operating
stresses, temperatures, strain rates, and loading methods for a given fuel-
element burnup. However, note that cyclic effects will occur during normal
power-reactor operation. The specific cyclic effects will depend upon the
method of cladding loading, fuel cracking and healing, frictional forces be-
tween fuel and cladding, and temperature distribution, If the cyclic power
profile under normal reactor operating conditions results in appreciable
periods of cladding deformation at low strain rates, the chances for cladding
failure by intergranular pinhole leak will be enhanced. Thus far, no sys-
tematic information, either experimental or theoretical, is available to
define specific cyclic effects and predict their possible consequences on
fuel-element failure. It is expected that the results based on static loading
presented here can serve as a reasonable basis for the development of a
failure criterion provided a safety factor is included to account for the
cyclic effects. Future work on cyclic effects should rely on fuel-element
modeling studies as well as experimental observations to define the pos-
sible loading schemes that are relevant to actual reactor operations and
thereby provide a means for a systematic study of cyclic effects on fuel-
element failure.



35

APPENDIX

Biaxial Stress-to-Rupture Data of Other Investigators

Additional biaxial creep-to-failure data of other investigators36~ %0

for austenitic stainless steel tubes are available, some of which are pre-
sented in Tables II and III and in Figs. 16-22. All tests were conducted
under gas-pressure loading conditions.

TABLE II. Classification of Failure Modes for Type 316 Stainless Steel Tubes Tested at 649°C2

Stress x 1000 psi

ASTM
Melt Condition ~ Grain Size 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 3y 3 39 4 4 &2 8
CEV PD-CW 99.5 2 i
PD-ANN 8
PD-CW 5.5/6
v PD-CW 9 . 1 Tl
PD-CW 5.5/6
IVCEV  PD-CW 0 1 1 2 20 3 3,
PD-ANN 8 2 2 22 3 3
PD-CW 5.5/6 3 1 | 1 2
PD-CW GHT )
PS-CW 6 1 1 1 2
PS-ANN 6
PS-CW GHT 6 1

Data from Ref. 36.

Failure Type
1. Pinhole PD--Plug Drawn CEV--Consumable Elec.
2. Split PS--Planetary Swaged 1V--Induction Vacuum
3. Pieces CW--20% Cold-worked IVCEV--Consumable Elec. Plus Induction Vacuum

ANN--Annealed GHT--Garofalo Heat Treat

»
TABLE IIl. Classification of Failure Modes for Type 316 Stainless Steel Tubes Tested at 705°¢?

Stress x 1000 psi

Melt Condition Gr:ii"glze 1 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 271 28 29 30 31 3
CEV PD-CW 99.5 1 1 1 2 1 1 1 2 1
PD-ANN 8 1 1 2 2 1 2
PD-CW 5.5/6 1 1 1 1 2
v PD-CW 9 1] 1 2 2 2 2 1
PD-CW 5.5/6 1 1 1 2 1 1
IVCEV  PD-CW 9 1 1 T 1 g 1 3 | 2
PD-ANN 8 LSRRl 2 8 2 2 2 3
PD-CW 5.5/6 1 1 1 1 2 1R 12 1N2 2 2
PD-CW GHT 9 1 1 3 3 3 3
PS-CW 6 1 1 1 1 1 1 /! il 12
PS-ANN 6 Toe 1 a2 2z 2 3 2 3
PS-CW GHT 6 1 1] 1 4
3pata from Ref. 36.
bpicropeened.
Failure Type
1. Pinhole PD--Plug Drawn CEV--Consumable Elec.
2. Split PS--Planetary Swaged 1V--=Induction Vacuum
3. Pieces CW--20% Cold-worked IVCEV--Consumable Elec. Plus Induction Vacuum

ANN--Annealed GHT--Garofalo Heat Treat
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The classification of failure modes in Tables II
and III shows a tendency toward pinhole and fissure
failures at low stresses and, therefore, low resultant
strain rates. The strain-profile curves given in Fig. 22
for annealed and cold-worked Type 316 stainless steel
tubes are similar to those shown in Figs. 8 and 9, and
indicate that pinhold-leak failures generally occur at
lower strain rates and lower total strains than the
rupture failures. Figure 22 also shows that, for a
given grain size (ASTM 8-9) and temperature (~713°C),
rupture failures in cold-worked tubes occur at lower
strain rates (ém ~ 5 x 10™% hr™!) than in annealed tubes
(ém ~ 5 x 1072 hr™!) under gas-pressure loading.
Likewise, for a given microstructure (cold-worked
material), grain size (ASTM 9 versus ASTM 6) can
affect the strain rate (ém ~ 6 x 107° hr~! versus 5 x
10-* hr~!) and the strain at which failure by rupture
might occur.

The stress-to-rupture data in Figs. 16-21 are
presented as curves of log 0 versus log ém for
Types 304 and 316 stainless steel tubes in the annealed,
cold-worked, and aged conditions. Pinhole and fissure
failures are designated by the symbol (F), and rupture
failures are designated by the symbol (R), as for simi-
lar data presented earlier in this report. The percent
diametral strain at failure for each data point in
Figs. 16-21 is indicated by the number in parentheses.
It is obvious from an ihspection of Figs. 16-21 that pin-
hole and fissure failures (F) predominate at the lower

strain rates, and rupture failures (R) predominate at the higher strain rates.
In general, these data support the suggestion presented in Fig. 1 that inter-
granular pinhole failures will occur at higher temperatures and/or lower
strain rates, at which GBS becomes significant, and the failure strain will
be low. Transgranular rupture failures will occur at lower temperatures
and/or higher strain rates, at which matrix deformation predominates. In
the latter case, plastic instability will control the failure mode, and the
failure strain will be higher.
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